Partial sequences of the 16s rRNA genes of the type strains of nine species of the genus Nocardia were determined following the isolation and cloning of the amplified genes. These sequences were aligned with the sequences of representatives of the genera Corynebacterium, Gordona, Mycobacterium, Rhodococcus, and Tsukamurella, and phylogenetic trees were inferred by using the Fitch-Margoliash and neighbor-joining methods. The genus Nocardia formed a distinct clade that was most closely associated with the genus Rhodococcus. The average level of sequence similarity found among the type strains of the Nocardia species was 97.2 f 0.7%. Two sublines were recognized within the Nocardia clade; one encompassed Nocardia asteroides and related species, and the other encompassed Nocardia otitidiscaviarum and allied taxa. Separation of the two sublines is based on differences in helix 37-1. The results of isoprenoid quinone analyses provided evidence that nocardiae can be distinguished from all other actinomycete taxa on the basis of their characteristic menaquinone profiles. Nocardiae typically contain hexahydrogenated menaquinones with eight isoprene units in which the two end units are cyclized.
The taxonomy of actinomycetes that contain mycolic acids (high-molecular-weight, long-chain, 3-hydroxy fatty acids with an alkyl branch at position 2) has undergone sweeping changes on the basis of data derived from the use of modern taxonomic methods (18, 19, 35) . The mycolic acid-containing bacteria have many phenotypic characteristics in common (6, 18), form a distinct phyletic line (48) , and have been assigned to the genera Co ynebacterium, Gordona, Mycobacterium, Nocardia, Rhodococcus, and Tsukamurella on the basis of a number of chemical and morphological markers (5, 6, 18, 19) . Proposals to transfer Nocardia amarae (33) to the genus Gordona as Gordona amarae (20) leave the genus Nocardia as a relatively homogeneous taxon that contains 11 validly described species (18, 21, 58) . The retention of one of these species, Nocardia pinensis, in the genus Nocardia has been debatable as this organism has many properties in common with G. amarae and can be readily distinguished from typical nocardiae (2). On the basis of 16s rRNA sequence data and complementary phenotypic properties, N. pinensis merits generic status within the family Nocardiaceae (11).
Members of the reconstituted genus Nocardia form extensively branched substrate hyphae that fragment in situ or after mechanical disruption into rod-shaped to coccoid, nonmotile elements; aerial hyphae, which at times are visible only microscopically, are almost always formed (21, 31) . Nocardiae are also characterized by the presence of meso-diaminopimelic acid, arabinose, and galactose in their wall peptidoglycan (wall chemotype IV sensu Lechevalier and Lechevalier [32] ) (Aly type), have muramic acid in the N-glycolated form, have diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylinositol, and phosphatidylinositol mannosides as their predominant phospholipids, have major amounts of straightchain, unsaturated, and tuberculostearic acids, have mycolic acids with 40 to 60 carbon atoms, and have DNAs that are rich in guanine plus cytosine (guanine-plus-cytosine contents, 64 to 72 mol%) (6, 18, 21) . The predominant nocardial menaquinone is an unusual hexahydrogenated menaquinone with eight isoprene units in which the end two units are cyclized (13, 25, 27) .
Nocardia species have been circumscribed primarily by using chemical, numerical taxonomic, DNA relatedness, phage sensitivity, immunological, and antibiotic susceptibility data (1, 4, 6, 18, 19, 55, 56) , although problems remain. It is important to distinguish between different kinds of nocardiae as some nocardiae cause a variety of suppurative diseases in humans and animals, notably actinomycete mycetoma and nocardiosis (5, 5 1). Nocardia brasiliensis and Nocardia transvalensis are the main causal agents of actinomycete mycetoma (35, 36) , and the predominant agents of nocardiosis are Nocardia asteroides, Nocardia farcinica, and Nocardia nova (51, 55) .
It is necessary to examine the taxonomic structure of the genus Nocardia in order to determine the relationships among the constituent species. Ruimy et al. (48) have shown by performing ribosomal DNA (rDNA) sequence analyses that representatives of most species belonging to the genus Nocardia form a distinct phyletic line, although not all of the type strains were examined by these workers nor was much light cast on the phylogenetic relationships within the genus. The study described in this paper was an extension of the previous study of Ruimy et al., although in addition to sequence analyses the menaquinone compositions of the test strains were determined.
MATERIALS AND METHODS
Organisms and culture conditions. Cultures of the test strains (Table 1) used to prepare biomass were grown in shake flasks containing modified Sauton's broth (39); these cultures were incubated for 7 to 10 days at 30°C. When maximum growth was observed, the broth cultures were checked for purity, killed with 1% (vol/vol) formaldehyde, harvested by centrifugation, washed with distilled water, and freeze-dried. The nocardiae were maintained on glucose-yeast extract agar (22) slopes and as glycerol suspensions (20%, vol/vol) at -20°C.
Menaquinone analysis. Isoprenoid quinones were extracted from freeze-dried biomass (50 mg) by using the small-scale procedure of Minnikin et al. (37) . Purified menaquinones were separated by high-performance liquid chromatography, using a Pharmacia LKB instrument fitted with a Spherisorb octyldecyl silane column (5 pm) and acetonitrile-isopropanol (75:25, vol/vol) as the mobile phase. The menaquinones were detected at 254 nm.
DNA extraction. Chromosomal DNA was isolated by using a method modified slightly from the method of Pitcher et al. (44) . Small amounts of biomass from glucose-yeast extract agar plates were mixed and gently homogenized in 1.5-ml tubes containing 100 p1 of T.E. buffer (pH 8.0) supplemented with lysozyme (50 mg/ml; Sigma, Ltd., Poole, Dorset, United Kingdom). The resulting solutions -, no laboratory number assigned.
RDP, Ribosomal Database Project, release 4 (30).
were incubated at 37°C overnight, and 500 pl of a guanidine-sarcosyl solution was added to each preparation. The aqueous layers were separated by centrifugation and extracted with chloroform-isoamyl alcohol (25:1, vol/vol), and the chromosomal DNA was precipitated with 0.54 volume of isopropanol, washed in 70% (voVvo1) ethanol, and dried under a vacuum. The DNA samples were redissolved in 90 pl of T.E. buffer (pH 8.0), and 10 pl of RNase A (10 mg/ml; Sigma) was added before the preparation was incubated at 37°C for 2 h. After the RNase treatment, the DNA samples were extracted with phenol and chloroform, precipitated by adding 3 volumes of ethanol in the presence of 0.8 M lithium chloride, washed with 70% ethanol, dried, and redissolved in 30 ~1 of water. PCR amplification of 16s rDNA. The 16s rRNA genes (rDNA) were amplified by using universal primers p27f (5'-AGA GTT TGA TCM TGG CTC AG-3'; positions 8 to 27; Escherichia coli numbering of Brosius et al. [7] ) and p1525r (5'-AAG GAG GTG WTC CAR CC-3'; positions 1541 to 1525) (29). Each PCR mixture (100 p1) contained primers (each at a concentration of 0.4 pM), a mixture of deoxynucleoside triphosphates (Boeringer Mannheim) (each at a concentration of 200 pM), and Taq polymerase buffer (Hoefer Scientific Instruments, Newcastle upon Tyne, United Kingdom). Chromosomal DNA (ca. 100 ng) was added to the solution, which was then heated at 98°C for 2 min and cooled immediately on ice. Taq polymerase (2.5 U) and 1 drop of mineral oil (Sigma) were then added to each of the reaction solutions. The DNA thermal cycler (Omnigene; Hybaid, Ltd., Middlesex, United Kingdom) used for thermal amplification was programmed as follows: (i) an initial extensive denaturation step consisting of 94°C for 2 min; (ii) 25 reaction cycles, with each cycle consisting of 94°C for 1 min, 55°C for 1 min, and 72°C for 3 min; and (iii) a final extension step consisting of 72°C for 10 min.
Isolation and cloning of amplified 16s rDNA. Amplified 16s rDNA was purified from 0.8% agarose gels by using the method of Heery et al. (24) . Purified rDNA was ligated into the pGEM-T vector (Promega Co., Southampton, United Kingdom) according to the manufacturer's instruction. Ligated plasmids were then transformed into E. coli JM109, and transformants were selected on the basis of the results of the blue-white screening procedure (50) .
Sequencing of 16s rDNA. Plasmids containing 16s rDNA were isolated by using the standard purification method recommended by the manufacturer (Promega Co.). Purified plasmids were sequenced by using a Taq DyeDeoxy Terminator Cycle sequencing kit (Applied Biosystems, Foster City, Calif.). Sequencing gel electrophoresis was performed and nucleotide sequences were automatically obtained by using an Applied Biosystems model 373A DNA sequencer and the protocol and software recommended by the manufacturer. Sequence data were recorded on an IBM PC disk. The following forward and reverse primers were used (E. coli numbering system Phylogenetic analysis. The 16s rRNA gene sequences which we obtained were aligned manually with sequences of representative mycolic acid-containing actinomycetes (Table 1) obtained from the Ribosomal Database Project (release 4) (30) by using the AL16S program (10) to determine information concerning secondary structures.
An evolutionary distance matrix was constructed by using the algorithm of Jukes and Cantor (26) . Phylogenetic trees were constructed by using the FitchMargoliash (17) and neighbor-joining (49) methods. Arthrobacter globifomis DSM 20124T (T = type strain) was used as the outgroup in each of these analyses. In order to determine the stability of our phylogenetic tree, the sequence data were sampled 1,000 times for bootstrap analysis (15) by using the SEQBOOT program (PHYLIP, version 3 . 5~ [16] ).
Nucleotide sequence accession numbers. The 16s rDNA sequences which we determined in this study have been deposited in the EMBL database under the accession numbers listed in Table 1 '96 6'96 S'L6 6'L6 6'96 8'96 L'L6 6'L6 P'L6 SX6 L'Z6 8'P6 6'€6 L'16 0'16 L'96 8'96 €'96 O'L6 8'96 9'€6 6'26 S'€6 9'26 8'06 P'06 avlouas V?PJV~ON
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?!U?33VA V!pJV3ON OOTP'86 0'96 9'96 8'96 €'96 L'L6 6'96 was observed between N. farcinica and N. seriolue (level of similarity, 95.7%). These relatively modest levels of similarity are consistent with the low DNA complementary values (7 to 18%) reported between representatives of these taxa (28). The 16s rDNA nucleotide signatures that distinguish the Nocardia species are shown in Table 3 . It is also interesting that the levels of 16s rDNA similarity found within the genus Nocardia are slightly greater than the values recorded for members of the genus Mycobactenurn (45, 47, 53) . There are several nucleotide signatures that distinguish Nocardia and Mycobactenurn strains ( Table 4) .
It is evident that the genus Nocardia now constitutes a homogeneous taxon that can be distinguished from other mycolic acid-containing organisms on the basis of chemical, morphological, and 16s rDNA sequence data. The results of our isoprenoid quinone analyses provide evidence that nocardiae can be distinguished from all other actinomycetes, including corynebacteria, gordonae, mycobacteria, rhodococci, and tsukamurellae, on the basis of their characteristic menaquinone profiles. Our data confirm and extend the results of previous studies (13, 25, 27 ) and show that nocardiae typically contain hexahydrogenated menaquinones with eight isoprene units in which the two end units are cyclized c]. The discovery that the type strains of N. nova, N. seriolae, and Nocardia vaccinii contain major amounts of this compound is further evidence that these organisms are members of the genus Nocardia. In all 10 of the test strains the MK-8(H4)c 
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